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After fertilization, centration of the nucleus is a necessary first step for ensuring proper 
cell division and embryonic development in many proliferating cells such as the sea 
urchin. In order for the nucleus to migrate to the cell center, the sperm aster must first 
capture the female pronucleus for fusion. While microtubules (MTs) are known to be 
necessary for centration, the precise mechanisms for both capture and centration remain 
undetermined. Therefore, the purpose of this research was to investigate the role of MTs 
in nuclear centration. Fertilized sea urchin cells were treated with the pharmacological 
agent, urethane (ethyl carbamate), in order to induce MT catastrophe and shrink MT 
asters during pronuclear capture and centration. It was discovered that proper MT length 
and proximity are required for pronuclear capture, since diminished asters could not 
interact with the female pronucleus at opposite ends of the cell. Furthermore, shrinking 
MTs prevented nuclear centration in a dose-dependent manner, suggesting a role for 
cortical and/or cytoplasmic factors in force generation on the nucleus. Lastly, the result of 
an off-centered nucleus was the failure to center the mitotic apparatus and properly 
establish the division plane. The result of diminished MTs was asymmetric cell division, 
furrowing defects, and abnormal embryonic development. These results suggest that the 
role of the sperm aster is to capture the female pronucleus, migrate towards the cell 
center, and to potentially localize determinants necessary for embryonic development. 
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2 
INTRODUCTION 
 
 
1. Nuclear Centration 
During the cell cycle, various cellular elements undergo changes in both structure and 
localization in order to accommodate different biological needs. One such change within 
many proliferating cells is the migration of the initially off-centered nucleus towards the 
cell center directly after fertilization. This process is necessary for correctly establishing 
the spindle axis, division plane, and for properly aligning the genetic material in order to 
be segregated into the respective daughter cells during cytokinesis.  
 
Nuclear migration in echinoderms first begins once a sperm penetrates an unfertilized egg 
and migrates towards the female pronucleus for fusion. The male pronucleus attached to a 
centrosome, which begins nucleating astral microtubules (MTs) upon entering the egg, 
migrates and meets halfway between the initial localizations of both pronuclei [1] 
(Figure 1). Upon contacting the female pronucleus, fusion occurs and the male-provided 
centrosome duplicates, allowing the nucleus to center during the G2 to prophase 
transition [2-4]. Pronuclear migration likely occurs through a conserved MT-dependent 
process, as treatment with Nocodazole disrupts pronuclear migration and centration in 
Lytechinus pictus, Xenopus laevis, Caenorhabditis elegans, and mammalian cells [5-7]. 
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Figure 1: Pronuclear migration in a fertilized sea urchin cell. After fertilization (panel 
1), both pronuclei migrate towards each other (panel 2). The captured pronucleus then 
centers (panel 3). The ^ and * represent the male and female pronuclei, respectively [1]. 
 
2. Force Generation on the Nucleus 
Following pronuclear capture and centrosome duplication, the nucleus migrates towards 
the center of the cell [1]. During the ensuing mitotic divisions, the nucleus remains 
centered following cytokinesis and the reformation of the NE. While MTs are known to 
be necessary for centration, the precise mechanism of migration remains undetermined 
[6]. Therefore, two models have been proposed to explain nuclear centration: cortical 
centering forces and cytoplasmic centering forces.  
 
2.1. Cortical Centering Forces 
Cortical centering forces are any elements that interact with the plasma membrane (PM) 
to generate forces on the nucleus [8]. Cortical pushing forces occur when astral MTs 
polymerize against the PM and push on the nucleus in the opposite direction of MT 
growth [9]. In contrast, cortical pulling forces occur when cortically-bound dynein walks 
 * 
 * 
 ^ 
 ^ 
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towards astral MT minus ends nucleating from the centrosomes, thereby pulling the 
centrosome localized face of the nucleus towards the PM [10]. In order for the nucleus to 
center under this model, the force imbalance of cortical pushing and/or pulling forces 
would reach equilibrium under a MT-length dependent model: asymmetric astral MT 
length results in greater probability for force imbalance, and therefore the net force would 
reach equilibrium as the nucleus approaches the cell center and aster length equalizes on 
all sides [6, 10]. This model has been established in sand dollar embryos, as the male 
pronucleus consistently migrated in the direction of its longest MTs until centration was 
achieved [5]. Within sea urchins, asters have not been observed to contact the cell cortex 
on all faces during centration, and therefore cortical factors likely cannot account for the 
sum of the force necessary for centration.  
 
2.2. Cytoplasmic Centering Forces 
Cytoplasmic centering forces are any cytoplasmic elements that can transduce force on 
the nucleus by transport of internal vesicles along MTs [11]. Dynein bound to cargo 
walking towards MT minus ends generates a net pulling force on centrosomes attached to 
the nucleus in the opposite direction that it walks [12]. Asymmetry between MT lengths 
due to the initial off-centered localization of the nucleus results in greater exposure of 
astral MTs to cytoplasmic motors until MT symmetry is reached (Figure 2). Cytoplasmic 
dynein-mediated pulling forces have been demonstrated during male pronuclear 
migration in sea urchin eggs [6, 13]. Laser ablation of MT asters during male pronuclear 
migration resulted in movement away from treatment, suggesting that cytoplasmic dynein 
pulled the ablated aster away from the laser. Furthermore, treatment with the dynein 
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inhibitor Cileobrevin D resulted in a similar phenotype to Nocodazole treatment, 
suggesting that cytoplasmic dynein may contribute to centration [6]. These findings 
demonstrate the importance of both MTs and dynein during pronuclear migration.  
 
 
Figure 2: Force generation on the nucleus. Movement of dynein (blue) along MTs 
towards the centrosome (orange) creates a net pulling force on the centrosome-bound 
nucleus in the opposite direction of motor movement [14]. 
 
3. Determining a Division Axis 
Centration of the nucleus in echinoderms is one of the first major developmental steps 
after fertilization. Not surprisingly, this event is essential for several upcoming mitotic 
events. Specifically, proper positioning of the mitotic apparatus is necessary for 
symmetric cell division. This is because the axis of the spindle dictates the orientation of 
the division plane.  This was first demonstrated in 1984 when frog eggs were flattened to 
create a non-spherical elongated geometry after nuclear centration [15] (Figure 3). This 
resulted in cleavage furrow stimulation perpendicular to the long-axis of the cell. Thus, 
‘Hertwig’s rule’ would later be discovered to be the result of the orientation of the mitotic 
apparatus dictating the plane of the cleavage furrow [16, 17]. 
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Figure 3: Furrow stimulation occurs perpendicular to the mitotic spindle. Sea urchin 
embryos were treated with urethane at anaphase to induce MT catastrophe (A: control 
MTs (left), urethane MTs (right)), B: Shortened MTs manipulated towards the cell cortex 
induced a premature furrow perpendicular to the closest spindle-cortex proximity [15]. 
 
4. Stimulating a Cleavage Furrow 
After determining the orientation of the division plane and the cleavage furrow, the 
mitotic spindle must signal to the cell cortex in order to stimulate ingression of the 
actomyosin contractile ring [18]. Within symmetrically dividing systems such as the sea 
urchin, spindle signaling must be precisely regulated to ensure that cytokinesis produces 
daughter cells of equal size. While the entirety of the process is not fully understood, a 
basic model for stimulating ingression has been developed. 
 
First, the mitotic spindle assembles within the cell center (Figure 4). The basic 
components include the two centrosomes that are anchored to the chromosomes by 
bundling spindle MTs. The centrosomes maintain centration through interactions with the 
cell cortex by nucleating astral MTs towards the cell poles and equator. Astral MTs are 
known to be involved in signaling to the cell cortex for division in several model systems 
A 
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[18, 19, 20]. Manipulation of the mitotic apparatus towards one side of the cortex with a 
micromanipulator induced premature furrowing at the closest spindle-cortex proximity, 
suggesting that a signal is sent from the spindle to the plasma membrane [15, 16].  
 
 
Figure 4: Different microtubule populations during mitosis. Spindle MTs bundle and 
attach to chromosomes (blue/orange). Astral MTs emanate to the cell cortex at the 
equator or the poles (green) [22]. 
 
One possible spindle signal is the GTPase RhoA. While the pathways for regulating 
cytokinesis likely differ between organisms, several model systems including Xenopus, 
Drosophila, Lytechinus, and Caenorhabditis cells all accumulate active RhoA at the 
equatorial cortex during ingression [10, 11]. Inactivation of an upstream RhoA factor 
prior to division prevents RhoA accumulation at the cell equator, disrupting cytokinesis 
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in C. elegans [22]. Thus, stimulating a cleavage furrow is dependent on a properly 
centered nucleus, which allows for furrow stimulation on both sides of the cell equator. 
 
5. Research Overview 
The pronuclear migration and centration events are not fully understood. Recent evidence 
has suggested a role for MTs and dynein in the migration of the sperm aster towards the 
female pronucleus [1]. However, the precise roles of microtubules and the exact 
involvement of pushing/pulling cortical/cytoplasmic forces have not been covered. Thus, 
there are not currently any models that can conclusively identify the mechanism(s) by 
which migration and centration occur. Furthermore, an unanswered question within the 
field is how the sperm aster is able to interact with the female pronucleus. Therefore, the 
purpose of this research was to identify the role of microtubules in both pronuclear 
capture and migration. 
 
It was first identified that the role of the sperm aster is to capture the female pronucleus 
prior to centration. While the details of capture are unknown, it was determined that 
capture depends on the proximity between the male and female pronuclei. Furthermore, 
manipulation of MT dynamics with the drug urethane delayed nuclear centration in a 
dose dependent manner and prevented centration in certain conditions. Failure to center 
the nucleus produced distinct cytokinesis defects including asymmetric cell division and 
furrowing abnormalities. Lastly, the result of an off-centered nucleus was the failure to 
center the mitotic apparatus and improper sea urchin embryonic development. 
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METHODS 
 
 
Sea urchin maintenance 
Lytechinus variegates sea urchins were obtained from South Coast BioMarine and kept at 
14C. Gametes were collected through injection of 0.5M potassium chloride and stored at 
4C. Sperm was diluted 1:1000 in seawater and 10 drops were added to 1mL of fresh eggs 
for fertilization. Fertilized eggs were passed through a Nytex column in order to strip 
eggs of their fertilization envelopes, ensuring proper penetration of fluorophores. 
Fertilization took place directly on a glass bottom #1 cover slip chamber when necessary. 
 
Fluorophores 
Hoescht 33342 (Thermo Fisher #62249) was used to stain both the male and female 
pronuclei in order to monitor nuclear capture and migration. Both the eggs and the 
working dilution of sperm were incubated with 1ug/mL of Hoescht 15 min prior to 
imaging and excited with a 405 laser line for imaging. Cholera Toxin B (CTB) (Thermo 
Fisher #C22842) was used to label cholesterol-rich lipid raft micro domains. Eggs were 
incubated with 1mg/mL CTB 15 min prior to imaging, washed 3X with calcium free 
seawater and excited with a 488 laser for imaging. Texas Red-Dextran (Thermo Fisher 
#D1863, 10,000 MW) was used as in intracellular probe for vesicle trafficking. Dextran 
undergoes fluid phase endocytosis and is a useful tool for studying endocytic events. 
Eggs were incubated with 2mg/mL dextran 15 min prior to imaging, washed 3X with 
calcium free seawater, and excited with a 561 laser for imaging. 
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Inhibitors 
To manipulate MT dynamics, sea urchin eggs were incubated with two pharmacological 
agents. Urethane (ethyl carbamate) is a drug that promotes MT catastrophe and as a result 
decreases MT aster length. Hexylene glycol is a drug that decreases MT catastrophe and 
as a result provides MT stability that lengthens asters. Eggs were either pre-incubated in 
or fertilized directly into 50uM-100uM urethane or 1% hexylene glycol until being 
washed out 3X with seawater. 1% DMSO was used both as a control and as a solvent for 
dissolving urethane into a seawater solution. 
 
Microscopy 
Live cell imaging was acquired using either a Leica SP5 line scanning confocal 
microscope or a Nikon widefield microscope. Imaging was completed using DIC or 
bright field microscopy permitting the visualization of the female pronucleus without 
fluorescence. Cells were placed on a glass bottom #1 coverslip treated with 1% protamine 
sulfate to promote adhesion to the coverslip. Nuclear migration videos were captured 
with a 40X oil immersion objective acquiring images in a time-series every 3-10 seconds 
over the 20 minute centration period. Centration images were acquired with a 10X dry 
objective every 5 minutes.  
 
Data Analysis 
Acquired videos and images were analyzed using FIJI. Quantification of nuclear 
centration was completed by measuring the distance of the nucleus from the cell center 
and converting the distance value from pixels into microns. Blastomere sizes were 
 
 
11 
quantified by measuring the area of each respective blastomere by hand on FIJI and 
computing a ratio between the daughter cells. Aster migration speeds were calculated by 
hand or using a particle tracking software with Matlab (data not shown). 
 
Matlab 
A vector map pipeline program was created using Matlab software in the Burgess lab. 
The purpose of the program is to convert raw data from a particle tracking add-on into a 
vector map that displays direction and velocity of a fluorophore to be tracked over time. 
A time-series of a fluorophore was input into TrackMate and the raw data was input into 
the custom vector map program in Matlab. The program generates a vector map 
overlayed on a representative image displaying vectors in binned regions of the field of 
view. This program was not utilized for this thesis (quantifications in progress), but was 
developed by Sean to be utilized for pronuclear migration rate analysis and for future 
vesicle trafficking studies (script available upon request). 
 
 
  
 
 
12 
RESULTS 
 
 
Pronuclear capture is dependent on proximity 
Previous research has shown that pronuclear migration is dependent on both MTs and 
dynein [1]. In order for both pronuclei to fuse and find the cell center, there must be an 
interaction between them. Surprisingly, there has been limited research focused on 
identifying how pronuclear capture occurs. Therefore, the role of MTs in pronuclear 
capture was investigated. Unfertilized sea urchin cells were pre-incubated in, and 
fertilized directly into 100uM urethane, a drug that promotes MT catastrophe and as a 
result decreases MT aster length in a dose-dependent manner [16]. A focal plane with 
both the sperm aster and the female pronucleus were monitored over time to determine if 
shortened MT asters prevented capture (Figure 5). 
 
Sperm asters from sea urchin cells fertilized in seawater were able to consistently capture 
the female pronucleus and find the cell center by 20 minutes, reconfirming data from 
literature [1, 23]. Cells that were pre-incubated and fertilized into 100uM urethane were 
highly variable, as roughly half of asters captured the female, and the majority of asters 
were unable to find the cell center. Furthermore, when the sperm penetrated the egg 
within a close proximity of the female pronucleus, there was a high probability of capture 
(quantification not shown). Lastly, when the sperm entered the egg at the opposite side of 
the female pronucleus, no capture had been observed. Therefore, the high variability in 
capture could likely be attributed to the entry point of the sperm and its proximity to the 
 
 
13 
female. This is because the female pronucleus is initially off-centered, and can be found 
randomly throughout the cytoplasm upon fertilization. This research suggests that 
shortened MT asters are unable to compensate when there is a large intracellular distance 
between the male and female pronuclei.  
 
Figure 5: Pronuclear capture in fertilized sea urchin cells. Unfertilized sea urchin 
cells were pre-incubated in seawater as a control (A), or 100uM urethane (B: close 
proximity, C: far proximity) and fertilized in a dish containing the same condition. 
Capture was monitored over a time series with 4 representative frames shown (a-d, e-h, i-
l). Nuclei were labeled with Hoescht (sperm aster: (^) bright blue dot, female pronucleus: 
(*) larger circle in DIC).  
 
 
A 
 
 
B 
 
 
C 
a b c d 
e f g h 
i j k l 
^  ^   ^    ^ 
^ ^ ^   ^ 
^ 
 ^ 
^ 
  ^ 
  * 
  *     *   * 
  *   *     * 
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Urethane treatment alters nuclear centration timing 
It has been well documented that MTs are necessary for nuclear centration, as treatment 
of fertilized sea urchin cells with Nocodazole prevents nuclear centration [1]. However, it 
has not yet been determined how MTs are involved in centration, as cortical/cytoplasmic 
pushing/pulling forces have all been hypothesized to regulate this event [24-26]. 
Therefore, urethane treatment was utilized to shrink MT asters and determine the effect 
on centration. Sea urchin cells were fertilized directly into urethane and the distance of 
the nucleus from the cell center was quantified over 5 min intervals (Figure 6).  
 
 
Figure 6: Urethane treatment delays nuclear centration. The distance of the female 
pronucleus from the cell center was quantified in 5 min intervals. Seawater was used as a 
control, and 1% DMSO was used to ensure it did not influence centration. * Indicates a 
significant difference from the control: n >25, p < 0.05. 
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Sea urchins fertilized into seawater and 1% DMSO found the relative cell center (5.58 
and 5.73um) by 20 min, which was consistent with previous findings [1]. Treatment with 
50uM urethane delayed centration by roughly 5 min, while 100uM urethane delayed the 
event until 35 min. This suggests that while shortened MT asters delay centration, they 
are not preventing it. Decreased MT aster lengths likely could be preventing cortical 
interactions or decreasing force generation among cytoplasmic elements. Regardless, 
immunofluorescence images of MTs will be necessary to identify precise MT dynamics. 
 
Since urethane treatment was unable to prevent centration, it was next questioned 
whether pre-incubation of unfertilized sea urchin cells with urethane could disrupt it. 
Since there was high variability in nuclear migration observed while pre-incubating cells 
in urethane during capture, the next objective was to quantify this. Therefore, unfertilized 
sea urchin cells were pre-incubated in 100uM urethane, where they were fertilized and 
remained in over a 45 min time period (Figure 7). 
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Figure 7: Urethane pre-incubation prevents nuclear centration. The distance of the 
female pronucleus from the cell center was quantified in 5 min intervals. Seawater was 
used as a control, and 1% DMSO was used to ensure it did not influence centration. * 
Indicates a significant difference from the control: n >25, p < 0.05. 
 
It was determined that pre-incubation with 100uM urethane did indeed prevent the 
nucleus from finding the relative cell center. On average, control cells were 
approximately 6um from the cell center by 20 min, while pre-incubated cells remained 
~17um away from the center by 45 min. Additionally, there was no significant difference 
in distance between pre-incubated urethane cells at 10 min (19.12um) and at 45 min 
(17.49um), suggesting that the female pronucleus was not migrating towards the cell 
center. The shortened asters that were unable to capture the female or migrate away from 
the cortex after egg penetration may have disrupted migration. Thus, without interaction 
with the sperm aster, the female has no mechanism for migration. 
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To further examine the influence of urethane on nuclear migration, it was next questioned 
whether a washout of urethane could rescue centration. Sea urchin cells were pre-
incubated in urethane for 15 min, and then the urethane was washed out and replaced 
with seawater at both 15 and 30 min post-fertilization. Nuclei were monitored against 
controls to determine if migration to the cell center could resume after removing the MT 
manipulating drug urethane (Figure 8). 
 
 
Figure 8: Urethane washout rescues nuclear centration. The distance of the female 
pronucleus from the cell center was quantified in 5 min intervals. Seawater was used as a 
control, and 1% DMSO was used to ensure it did not influence centration. Cells were 
rinsed with seawater to remove residual urethane at 15 and 30 min. * Indicates a 
significant difference from the control: n >25, p < 0.05. 
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When urethane was washed out 15 min post-fertilization, the nucleus was able to center 
at the 25 min mark (7.71um). Furthermore, washout at 30 min post-fertilization rescued 
centration by the 40 min interval (6.39um). Therefore, washout successfully rescued 
nuclear centration after being suppressed by urethane pre-incubation. Pre-incubation with 
urethane may have prevented MT asters from polymerizing directly after entry, which 
could explain why the pre-incubation phenotype mirrors that of a Nocodazole treatment. 
Furthermore, the urethane washout could have permitted MT growth against the cortex, 
sufficient to propel the aster towards the female for capture [25]. Immunofluorescence 
images of MTs directly after fertilization will be necessary to rule out these hypotheses. 
 
Urethane treatment delays the first cell division 
Proper positioning of the nucleus in proliferating cells is essential for accurate and 
healthy cell division. Therefore, it was next investigated whether urethane treatment 
could influence the timing of cytokinesis in sea urchins. Lytechinus pictus sea urchin eggs 
synchronously undergo their first cell division at approximately one hour, and therefore 
were utilized to compare division times with experimental conditions. The rates of the 
first synchronous cell division were quantified in conditions including urethane pre-
treatment, treatment, and washouts (Figure 9). 
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Figure 9: Urethane treatment delays the first cell division. The time of the first 
synchronous cell division was recorded in each condition over several trials. Seawater 
was used as a control, and 1% DMSO was used to ensure it did not influence division 
times. Cells were rinsed with seawater to remove residual urethane at 15, 30, and 45 min. 
* Indicates a significant difference from the control: n >5, p < 0.05. 
 
Although centration could be rescued by washout of urethane after pre-incubation prior to 
fertilization, there was a significant delay in the first division time for each experimental 
condition. On average, control cells divided at 58.5 min, while the division time in each 
urethane washout was significantly different from controls and ranged on average from 
66.25-68.5 min. Additionally, cells pre-incubated with 100uM urethane that were not 
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washed out were unable to find the center and did not complete the first cell division. It is 
possible that after washout of urethane, MTs were unable to reach lengths consistent with 
control cells, and therefore the diminished astral MTs had a delay in stimulating the 
cleavage furrow. Consistent with delays in division time, urethane treatment also 
prevented proper cell division. 
 
Urethane treatment causes asymmetric cell division and irregular embryonic development 
In order to identify whether other cytokinesis defects could be attributed to a delay in cell 
division, images of urethane treated cells were captured directly after the first cell 
division. Since washout of urethane rescued nuclear centration but delayed division, the 
purpose was to determine whether this rescue produced other cytokinesis defects. 
Interestingly, the blastomere sizes of each respective daughter cell were observed to be 
asymmetric. Thus, blastomere areas were quantified in controls and compared against 
urethane washed out cells (Figure 10). 
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Figure 10: Urethane treatment causes asymmetric cell division. The areas of each 
blastomere were quantified and represented as a ratio against each other (Y-axis: 1:1 ratio 
represents equal sizes). Seawater was used as a control, and 1% DMSO was used to 
ensure it did not influence blastomere sizes. Cells were rinsed with seawater to remove 
residual urethane at 15, 30, and 45 min. * Indicates a significant difference from the 
control: n >25, p < 0.05. 
 
Control blastomeres divided symmetrically with a 1.08 ratio between respective daughter 
cells. There was a significant difference in blastomere ratios between controls and 
urethane treated cells, as the ratios between each washout condition were 1.28, 1.32, and 
1.34 respectively. This data suggests that while nuclear centration was rescued in each 
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experimental condition, it was not sufficient to permit equal and symmetric cell division. 
Thus, since the division plane was not properly oriented, this suggests that the mitotic 
apparatus was not centered within the cell. Therefore, the result of an off-centered 
nucleus is the failure of the mitotic apparatus to center. 
 
In addition to asymmetrically dividing cells, there were several other furrowing defects 
observed in urethane conditions (Figure 11). Increasing the time to washout urethane 
after pre-incubation increased the probability of observing cytokinesis defects (data not 
shown). Heart-shaped cleavage furrows were seen in all urethane washout conditions, 
indicating a premature stimulation of the furrow on one side of the cell equator (Figure 
11B). Since MT asters signal to the cell cortex for division, the heart-shaped furrow is 
likely a result of an off-centered mitotic apparatus with asters contacting the equatorial 
cortex on only one face of the equator. Furthermore, another common furrowing defect 
was the double cleavage furrow (Figure 11C). This phenotype was seen at a higher 
probability in pre-incubated urethane cells that were washed out after 45 min. These cells 
induced two distinct cleavage furrows, which often regressed several minutes after 
ingression. This is likely due to an improper localization of a spindle signal such as RhoA 
within a defined furrow [27]. Failure to properly confine cleavage furrow signals can 
induce multiple acentric furrows that are detrimental to proper embryonic development. 
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Figure 11: Urethane treatment causes cleavage furrow defects. Unfertilized sea 
urchin cells were pre-incubated in 100uM urethane, fertilized, and raised in urethane until 
washout with seawater at 15-45 min. Images were captured during the first cell division. 
(A) Asymmetric division, (B) heart-shaped cleavage furrow, (C) double cleavage furrow. 
 
It has been observed that the failure of the nucleus to center during the ~20 min interval 
of the G2-prophase transition results in an off-centered mitotic apparatus that fails to 
properly align the division plane. Not surprisingly, when these cells were observed at 
higher order developmental stages, there were abnormalities in their embryonic structure 
(Figure 12). Images of control cells were captured alongside urethane treated cells to 
identify distinct structural differences produced by urethane pre-incubation. At the 32-
cell stage, the majority of urethane treated cells had begun apoptosis or had delayed 
development. There were a striking number of embryos at the gastrula stage that had exo-
gastrulation, which is gastrulation occurring outside the embryo. This trend continued at 
the prism and pluteus stages, as approximately less than ten percent of urethane treated 
embryos survived to the pluteus stage, with the majority of surviving embryos having 
severe embryonic defects. Thus, while urethane washout rescued nuclear centration, it 
prevented proper embryonic growth and development. 
A B C 
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Figure 12: Urethane treatment prevents proper embryonic development. 
Unfertilized sea urchin cells were pre-incubated in 100uM urethane, fertilized, and raised 
until washout with seawater at 15-45 min. Images were captured after the first cell 
division at distinct developmental stages. (A) Control, (B) urethane treated cells. 
 
 
  
32-Cell Early Gastrula Prism Pluteus 
 
A 
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DISCUSSION 
 
 
The nucleus is one of the largest cellular organelles with an important role in maintaining 
the cell’s genetic material. The result of an off-centered nucleus can be detrimental to an 
embryo’s developmental cycle, and therefore it is critical that nuclear migration occurs in 
a precisely regulated manner. While the exact mechanism(s) for pronuclear migration in 
many models including the sea urchin remain undetermined, it is evident that precise MT 
dynamics are necessary for this process. 
 
Since sperm asters with shortened MT lengths were unable to contact the female 
pronucleus, it is likely that pronuclear capture is dependent on MT length. Furthermore, 
when the sperm penetrates the egg at the opposite end of the female pronucleus it is 
unable to capture the female, unlike when the male captures the female if the entry point 
is near the female pronucleus. Therefore, since capture with shortened asters is dependent 
on proximity, this research suggests that this event is dependent on proper MT length. 
There are several mechanisms by which pronuclear capture can occur. One way could 
include sperm aster MT interactions with motor proteins bound to the female nuclear 
envelope (NE), which pull the female towards the sperm aster during centration. 
Additionally, sperm aster MTs may interact with motors bound to endoplasmic reticulum 
(ER) membrane. It has been well documented, and we have observed accumulation of ER 
membrane around the sea urchin female pronucleus during the G2-prophase transition, 
which is roughly the same time when nuclear centration occurs (data not shown) [28-30]. 
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Since the ER is continuous with the NE, and since dynein is necessary for pronuclear 
migration, the ER may provide the cytoplasmic force along MTs that pulls the female 
pronucleus towards the aster [1, 12, 30]. Two ways to test this include laser ablation of 
MTs between pronuclei and perturbation of ER membrane to determine whether capture 
and/or migration are halted. 
 
It was determined that shortened MT asters delayed nuclear centration. Furthermore, pre-
incubation with 100uM urethane prevented centration, which could be rescued by 
washout with seawater at 15 and 30 min. There are several reasons why centration could 
have been disrupted. First, shortened MT asters may have prevented MTs from 
contacting the cortex and polymerizing against the plasma membrane, and therefore 
pushing forces could have been suppressed from moving the sperm aster. Additionally, 
shortened MTs could have decreased exposure to cytoplasmic elements, thereby 
generating less cytoplasmic pulling forces along MTs [1]. Finally, pre-incubation with 
urethane could have suppressed MT growth directly after sperm penetration.  
 
It was observed that fertilized cells pre-incubated with urethane do indeed generate MT 
asters, and therefore it is unlikely that growth is delayed upon sperm entry (quantification 
in progress). In order to distinguish between cortical pushing and cytoplasmic pulling 
forces, two experiments could be done. First, MTs between the aster and the sperm entry 
point at the PM could be laser ablated in order to monitor the effect on migration. 
Furthermore, to tease out cortical factors pronuclei could be added to a membrane-free 
reconstitution assay to determine if centration occurs in the absence of cortical factors.  
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It was discovered that while urethane washout could rescue nuclear centration, it was not 
sufficient to promote healthy cell division. The delay in division time for urethane 
washed out cells could likely be attributed to diminished astral MTs stimulating a 
cleavage furrow at a delayed time. Immunofluorescence images of MTs at the plasma 
membrane could be used to conclusively identify whether this is true. Furthermore, 
furrowing defects including asymmetric cell division were common in urethane washout 
conditions. This suggests that while the nucleus appeared centered after washout, the 
mitotic apparatus was not completely centered. Likewise, MT asters may not have fully 
recovered after the washout, and as a result, unequal MT lengths could have caused 
premature furrow stimulation on one side of the equatorial cortex. As mentioned before, 
immunofluorescence images of MT dynamics during the first cell division could provide 
more insight into furrowing defects. Quantifications of MT lengths in controls and 
urethane washout cells during cytokinesis could help determine the extent to which astral 
MTs recover after washing out urethane (quantification in progress). 
 
Images collected after the first cell division suggest that the failure of the nucleus to 
center during the G2-prophase transition prevents proper embryonic development. This 
finding is interesting, and there are several possibilities as to why this is. Because the first 
cell division in sea urchins is symmetric and independent of polarity cues, it is possible 
that asymmetric furrowing due to an improper spindle axis could be disrupting cell 
polarity [30]. Furthermore, this evidence could suggest that the role of the sperm aster is 
to localize determinants necessary for gastrulation and/or embryonic development. Since 
aster migration was prevented in several urethane conditions, this could mean that 
 
 
28 
embryonic determinants were not properly localized, and therefore higher order structure 
was disrupted. Recent collaborative research using the ascidian Phallusia mammillata 
found that aster migration was disrupted after fertilization in 50uM urethane (in 
collaboration with Alex McDougall). Furthermore, disruption of aster migration 
prevented the localization of the embryonic determinant Dishevelled, which was labeled 
with MitoTracker, thereby preventing cell division and embryonic development [32, 33]. 
Based on the fact that the ascidian sperm aster has a role in embryonic development, it is 
possible that the developmentally similar sea urchin aster has a similar functionality. 
 
In conclusion, it has been uncovered that the role of the sperm aster in sea urchins is to 
capture the female pronucleus and migrate towards the cell center. Promoting MT 
catastrophe with the pharmacological drug urethane prevented capture when sperm 
penetrated the egg at the opposite end of the female pronucleus. Furthermore, urethane 
treatment was found to prevent nuclear centration when pre-incubated with unfertilized 
cells. While centration could be rescued by washing out urethane after fertilization, it was 
not sufficient to promote healthy cell development. Specifically, urethane treated cells 
divided asymmetrically, abnormally, and did not have healthy morphology at higher 
order structures. This research provides a foundation for future investigations into the 
mechanism(s) behind capture, as well as the roles of cortical and cytoplasmic forces 
generated on the nucleus during nuclear centration. 
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